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REPORT NO., 1056 

FDBennett/ anw 
Abertt~en ProTi_ng Ground., Md. 
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ENERGY PARTITION IN THE EXPLODING WIRE PBEKOMENON 

ABSTRACT 

Streak caaera and oaeillog:ra})hic circuit damping data are presented 

tor copper wires va.rr1nl in diameter :from 3 to 8 ldls. A mqj DIUJil ot s~ec:1fic 
shock wave eneray in the induced flow is found at a wire diaaeter different 

frca tbat of a •1 ~1•um in the total damping time of the circuit. 'I'bia 

diaplaoement ia shown to be caused by the presence ot residual circuit 

reaistanoe. The arg~nt is baaed on a critical an&l)~is ot ~ttmum ~ins 
condi tiona in tbe explodins wire circuit. A maximum ot apparent energy w1 thin 

the contact surface appears at about the same wire diame~r as the JILinimum 

ot total ,:t.:t-pina time. Discussion of the im;plicat:l.cns cf tha Taylor-Lin 

siJdlari ty theory indicates that lack of similarity of the tlow is probably 

connected with the displacement of the maximum energies associated with 

shock wave and contact surface. 
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1:: INI'RODTJCTION 

We continue here the study of cylindrical shock waves initiated in an 

earlier pa.per1 ) ~ There 1 t was shm.'Il that modification of the r-otating 

mirror technique makes the cylindrical shock wave visible over a considerable 

portion of its patho F~om a method qt data plotting based on the Taylor-

Lin similar! ty theory tor cylindrical blasts one :f'!nds the.t a definite 

ahoclt-enargy can be associated lf1 th each traJectory. 

E. De.vid
2

) has recently given a. detailed calculation of pqsical pro­

cesses in the w-ire b.plosion, based partly on the experilllents of -tbiller3) 

and partly on a bJ.potbetieal model constructed on the firmly established 

principles of ther.aodynaadcs and electromagnetic theory. 

We are not concerned here with the finer details given by David, but 

rather with the cruder task to establish some facts relating to thA partition 

of the stored condenser energy between 1) energy dissipated in the induced 

fluid motions and 2) e~rgy consumed in apparent electrical resistance of 

the circuit. We ahal.l show that a convincing correlation is possible between 

these two distinct methods of energy wastage, with the result that the 

nlidi ty or our method ot assigning a shock energy is thereby rendered more 

probableo 

Superscript numbers denote references listed at back of the report. 
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Fig. 1 shows a sequence of streak camera pictures for E em. copper wires 

of 3, 4, 6. 3 and 8 mils diameter o The traces were obtained by use of the 

backlighting technique already described in I. 

Condenser ~rgr at 28 kv is ll8 Joules and the ringing frequency of 

the circuit is about 0.5 me. From the given capacitance, C • Oo3 iJ.f, and 

t.h,. d.B:D!Iur ~,,,..,..._ o¥n.,.. +_'ha a'hn,..+.A~ l"i -...ni +. A.l nn,:. { R'hnvn i.., T) _i i:_. _f'o_l _1 oY .. _R 
-- ---------...-- ---,.., '-'\4.1. ,..._, • ...,.,... "......,_ ..,...,.._ ..,~...., ""'~ "-_.....- ~..,.........,.. \ _.....,.."_ -......, -I 1 - -

that the inductance of the circuit Lc ~ about 1/3 ~ and the residual 

damping resistance R_ is approx:lmately l/4 ohm. Damping curves for each wire ... 
are shown opposite the corresponding f'le.sh photograph in Fig. l~ 

The shock trajectoq is most clearly seen in Fig. 1 (a) where separation 

f'rom. the contact surface occurs by about 0. 8 ~ sec. For the 4 mil wire of 

1 (c), the breadth of contact surface is increased and separation does not 

occur until t :::: 1.1 \.1 sec. The 5 mil wire of I lies intermediate between 

this case and the 6.3 mil wlre of 1 (e)J where separation occurs at almost 

2 \.1 seco Here the shock traJectory is less distinct then in the previous 
'l 

two cases and the contact surface appears to have gained strength relative 

to the shock. Finally, for tbe 8 mil wire the whole phenomenon is narrower, 

appears less energetic and shows a visible separation of the shock by about 

t • 0.6 \.1 sec. 

~~ corresponding oscillograms show interesting detailed behaviour, 

but from a gross point of view demonstrate mainly that total damping time 

passes through a. minimum :f"or wire diameter close to 6. 3 mils. Wires of 9 

mil diameter and higher failed to give a luminous effect. 

Because _of the interesting behaviour of t~ 6.3 mil wire, the complete 

flash ~s shown in F1g.2. Here the wedge associated with the interior 

facing, second shock wave discussed in I is very prominent and occurs at t ~ 

8 \.1 sec well after tbe electrical oscillation is damped. Just ahead of the 

luminous tip of the wedge, faint traces of the incoming shock may be seen. 

These define the forward nappe of a cone whose outlines may be detected for 
I 

per~ps 2 ~ sec prior to the reflection from the axis represented by the 

wedge tip. 
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3. ANALYSIS OF DATA 

3.1 The Energy Plot 

Measurements have been made of the shock and contact surface trajectories 

shown in Fig. 1. The ordinate in these flash pictures represents radial 

distance r while tbA abscissa; along the axis; represents elapsed time t. 

According to the method developed in I, a parabola-test plot, (2R)2 vs 

(t-t
0

), of the shock data should yield a straight line if the experimental 

data conforms 1n an overall fashion to the Taylor-Lin theory for an ideal, 

cylindrical blast wave. It will be recalled that the Lin4) calculation 

is based on the assumptions of instantaneous energy release along a mathe­

matical line into a perfect gas of constant specific heat ratio r • 1.4. 
The actual wire explosion releases energy into a finite, massive cylinder 

and thence into an imperfect gas (viz. air) whose specific heat can vary; 

nevertheless, the physical situation of the experiment approximates to a 

reasonable degree the assumptions of the Taylor-Lin theory. 

As the data of I demonstrate, the cylindrical shock wave formed by an 

exploding wire behaves over a large part of its trajectory like an ideal 

cylindrical blast wave with a virtual time of origin t
0 

)O and an apparent, 

axial energy release of E joules per em easily obtainable from the slope 

of the data plot. 

Rather than present parabola-test curves for each size of wire, a 

summary plot of the data is given in Fig. 3. Here the quantity Y = (2R)2/(t-t ) 
0 

has been plotted for both the shock and the contact surface of each wire. 

As may be seen from the equation for the shock trajectory', viz. , · ·: -. 

R ~ S (r) (E/p )1/ 4 (t • t )1/ 2, a plot of Y vs t should yield a horizontal 
0 0 

straight line if the data closely approximates an ideal blast wave, and 

the value of Y will be given by m = 4S2 (E/p )1/ 2 which is the slope one 

would obtain from the parabola-test curve. 
0 ' 

Assuming values of 
q '"'' 
.., \II 

p appropriate for air, we can readily obtain values of E from the corresponding 
0 

Y values. A scale of energy E appears at the right of Fig. 3. 
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Each wire size is represented by an especial symbol designated in the 

legend of the graph, and this symbol identifies two curves. In every case 

the higher curYe represents the shock, while the lower represents the contact 

surfaceo Horizontal lines have been drawn to fit the data lying at or beyond 

t ~·1 ~ seco On the left extremity of each line a vertical mark indicates 

the value of t appropriate to the fitted data. 
0 

The points early in time tend to drop from higher values toward the 

final line. This transient behavior occurs because 1) the early data of a 

parabola-test plot define a knee-curve whose points approach the approximating, 

inclined straight line from above, and 2) the intercept of this line gives 

+_ 'nt an .Pn,. +. • t the correS'DOnding Y velue lies at positive in:finitv. "'o ' ~ 1 ... ~ .. ...... ... - o - " 

Values of Y for t ") t rapidly approach the final horizontal o Because this 
0 

horizontal line defines an energy value for the blast wave, it is appropriate 

to call a Y vs t curve an "energy plot". 

Several interesting facts may be seen by inspection of Fig. 3. In the 

fi~st .place, Y values indicating highest shock wave energies of approximately 

;q±o:, ~oules /em occur for the.4 and 5 mil_wires; but, in contrast, the 

corresponding contact surface curves fall well below that of the 6.3 mil wire. 

The 4 and 5 mil contact surface points fall steadily further below the 

nominal horizontal line drawn at 14 Joules /em as time increases from 

t ~ 1.5 ~ seco The 3 mil contact surface data exhibits the same tendency 

but to a somewhat less pronounced degree beginning to deviate toward lower 

values at t ~ 2 ~ sec. 

In this connection notice that the initial times for the contact sur­

faces occur earlier than those for the shock waves, exc~pt for the 8 mil 

wire where the two coincide; thus the virtual starting times satisfy the 

inequality t (contact surface)~ t (shock wave). The 6. 3 and 8 mil wires 
0 0 

are notable as cases where both shock and contact surface points fall well 

on horizontal lines over the entire range of data obtained. 

3.2 The Damping Curves 

Inspection of the oscillation damping curves in Fig. 1 and that of for 

the typical 5 mil wire given in I, shows a further distinction to be made 

between the 3, 4 and 5 mil wires when compared with the heavier 6.3 and 8 mil 
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w~res. For the first thr-ee, the o~nping curve is smogth and qUite continuousJ 

for the latter two an abrupt interruption occurs atter which the oscillations 

are almost negligible. 

In Table 1 we collect for convenience the wire resistance at 0 20 c., the 

virtual times of origin of contact surface (cs) and shock (a), the total 

damping time, ....... .:a +\..a. ........... - ...... 'CI • ~ ... "'~- +\..- shock wave • QUU. ~o~uc cue.&.-~ A:~S W.LIJ.L.L.LU \I.UC 

TABlE 1 

Ft:l~am. 1 . ., R_ t lea) t (A) 'nA.mnina 'w. 

I 
. ~-w -o ,--, :o ,-, -.r--o 

(j~61_es/~m) (ohms) -. time 'L '--

sec) 

I I 
(~ (~t) 

.075 .06 
--,-

.31 
I 

8.2 3 I I I 19 I 
I I I 4 I .042 .28 .43 7.2 31 

I I I I 5 .027 .33 .46 6.3 30 
,. .., 

• 017 .40 .52 :;.; 27 . I I I I o.:; 

I I I 8 I .011 .35 .35 3.5 7 

I I I 
I 

9 I 
.0084 4.0 

11"\ .0068 ,.. ,... 
..... "" I I I ( .v 

The damping times for 9 and 10 mil wire are included even thouah the 0 mi 1 ---- ._,_,-- "'--
wire produced no visible flash and the 10 mil wire was not destroyed by 

the condenser discharge. 

Inspection two coluznns of Table 1 elicits two facts: 

1) a maximum in the indicated energy El:~ occurs for a wire diameter near 
6 

- 4 mils, and 2) a minimum of total dampi~ time occurs for a diameter between 

6.3 and 8 mils. Furthermore, the d~ .. 'llping ... time trough is 5orfo broader tha.n 

the shock energy peak on a scale of wire diameter. On a scale of diameter 

squared, which is proportional to wire mass, the trough is about twice the 

width of the peak. 
' ' 

3.3 Conclusions from the Data 

The data just discussed indicate certain facts relating to the pro­

duction of cylindrical shock waves by fine copper wires. As the type of' 

role, pr~viding it is a sufficiently 
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good conductor, these facts may be generalized to apply to Other than copper 

wires. The result is a set of working.hypotheses that extend our view of the 

exploding wire phenomenon and provide useful tools in the planning of future 

experiments. Elevated to this position, they may be stated as follows: 

Under fixed conditions of condenser energy, wire material, wire length 

and type of ambient gas, fluid motions produced by an exploding wire have 

the following properties: 

1) Both shock wave and contact surface follow closely parabolic paths 

over of time. 

2) A maximum of E
8

, the specific shock wave energy, a maximum of the 

Y values associated with the contact surface, and a minimum in 

damping time of the exploding wire circuit occur with variation of 

wire diameter. 

3) In general the stationary points of 2) do not necessarily coincide, 

although the maximum of the contact surface Y function appears 

close to the minimum of total damping time. 
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4. DISCUSSION 

4.1 M&xilhnn Shock<inergr 

A maximum in shock energy E:' considered as a function of wire diameter s 
is, as already' noted, revealed in the data of Table 1. Its presence, although 

not surprising to intuition, is not easily explainedJ since the experiment&~ 

concept of shock strength rests here on interpreting the latus rectum of 

the parabolic streak picture in terms of the const~nts, 8(7) (E/pA)l/4, given 
\1 • 

by the Lin calculation. The goodness of approximatio~ of the actual physical 

situation to the hypotheses of the ideal fluid calculation given by Lin 

cannot be stated with precision at the present. 

Accepting the interpretation of the data already given and reading from 

Table 1 the JD&XiaUil eners.r of 31 Joules/em it is apparent tbat the 2 em wire 

used 1n these experiments communicat.!s more than ba1t ( 2:~ '1/118) of the 
stored condenser energy into the fluid motion associated with the shock wave. 
End •t.fects have been purposely neglected in arriving at this ea.timate~. 

4. 2 Circuit Resistance and Minimum Damping Time 

The presence of a minimum damping time at about 7 mils wire diameter 

is readily seen from Table 1. This fact implies that the resistance of the 

7 mil wire, R , plus the residual resistance of the circuit R , for.ms a w c 
total that is in some sense, as yet undefined, well matched to the L-C 
parameters of the circuit. 

As already mentioned in I, the residual resistance R is about 1/4 n. c 
Values of R with the exploding wire shorted out, calculated from the 

c 
logarithmic decrement of successive current peaks, show R initially to c 
start at about 0.25 n and to increase slightly up to 0.35 n at the tail 0~ 

the damping curve. 

A similar calculation made from the dampins~curves of the 3, 4 and 5 
~1 wires shows RP starting at about 0.30 n and increasing to at most 0.45 n; 
which evidence may be interpreted to mean that by the time a clear oscillo­

graphic record is available for these wire sizes, that is after about 1 ~ 

sec has elapsed, an electric discharge has been established in the expanding 

metal vapor 8nd the subsequent damping is dominated by this discharge and 

the resistance residing in the r.emainder of the circuit. 
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David2 ) estimates that the conductivity of the copper wire should drop 

suddenly after the diameter has increased by a factor of two to tour. When 

this condition is reached metallic conduction should no longer exist, but 

electron transfer could occur perhaps only by tunnel effect modified by 

local fields. After the expansion has proceeded sufficiently far, the 

pressure of the metal vapor will drop to a point where arc discharge can 

occur if enough energy remains in the circuit and the conductivity will 

increase again to a high value. In the event that little energy remains 
? 

by virtue of its rapid expenditure in 1 ~ heating, no arc can form after 

the wire diameter exceeds 2-4 times its original value. The effect will be 

like that of opening a switch. 

The osc!llograma for the 6=) and 8 mil wire indicate Just such an effect 

after about 1 and 2 ~ sec respectively. The damping records show that these 

wires expe.nd the condenser energy more rapidly than the 3,L4, 5 Jllil aeries. 

We infer the cause to be better impedance match of the exploding wire to 

the circuit. The streak picture for 6.3 mils given in Fig. 2 tends to bear 

out this interpretation if the contact surface and second shock are regarded 

as being more energetic tban in the other cases~ 

4.3 Choice of Qptimum Circuit Resistance 

The evidence Just discussed supports the assumption that the 6.3 - 9 
mil wires provide nearly optimum electrical resistance for maximum power 

and energy consumption in the circuit. The effective resistance is clearly 

far below the critical damping resistance; for, even though damped to a 

minimum total time, the circuit is still in the oscillatory regime. 

In order to carry the discussion further, criteria bearing on the 

question of maximum power dissipation in an R-L-C circuit are needed. 

Investigation of the available literature shows that even for the case of 

fixed circuit resistance R, the conditions for maximum power dissipation 

have not hitherto been precisely defined. 

In connection with a study of eA~loding wires made in 1926, Anderson 

and Smith5) give the condition for maximum power dissipation in an R-L-C 

circuit with constant parameters to be approximately R ~ Ol/C)1/ 2 • 
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Because they provide no discussion of this result and because their subsequent 

statements about max~ current are open to objection, the question bas been 

re-examined and same addi tiona! results obtained. The more precise and 

extended analysis is given below in Appendix I. 

There it is found that for maximum power dissipation at the first current 

peak the total circuit resistance should b~ R ~ 1.10 (L/C)1/
2

• If the heat 

losses are small enough so that the process can be considered adiabatic, 

then energy dissipation in a specified interval ~ be of primary importance. 

For example, if this interval extends :past, the first current peak to terminate 

when the sine factor in the current expression is unity, then R ~ 1.24 (L/C)1
/

2 

should ~~bo.~do If a longer interval is important, the appropriate nuaerical 

factor will be larger than 1.24. As the interval becomes infinite, R 
1/2 approaches the critical ~ing resistance given by 2 (L/C) • 

Now it is obvious that the res_istance of an exploding wire is not con­

stantJ so that the criteria given above cannot strictly apply except in the 

case that power consumption at maximum current is the dominating ter.m, Even 

here no energy can be dissipated save during a finite interval. Therefore 

we conclude that the optimum average resistance of the exploding ~fe circuit 

should satisfy the inequality l.lOl:- Ropt (L/C)-1/
2

!=._1.?1) where the lower bound 

is that set by maximum power ~ssipation at the first current peak and the 

upper bound is S.et slightly to exceed the value for maximum energy dissipation 

in the approximately quarter-cycle interval already discussed. The oscillogram 

for the 6.3 mil wire suggests an interval before current interruption some­

what larger than a quarter cycle in:·.1support of a choice of upper bound greater 
than 1.24. 

With the L, C values for the present circuit this inequality works out 

to be l.l6~Ropt~l.36 ohmso As already seen the residual circuit resistance 

is approximately 1/4 - 1/3 0; so by difference the exploding wire should 

furnish 0.9 - 1.2Dn in order that the total resistance most rapidly 

dissipate the stored condenser energyo 

Relying here on David's discussion
2

) of the resistance changes induced 

by heating of the copper wire, we estimate that wire resistance may increase 

by a factor of 10
2 

for a rise from room temperature up to 4000°K~ Applying 

13 



this factor to the cold resistance given in Table 1 we: ·find that the 6. 3, 7 
and 8 mil wires would have high temperature resist~es in or near the range 

of values suggested as optimum in the pr-evious paragrapho 

diameter or smaller would appear to have high temperature resistances too 

high by a factor of two or more and larger than the critical damping resistance. 

One would not expect the trough surrounding the minimum of damping time 

to be narrow since the maximum of power dissipation at the first current 

peak will merge smoothly with the relative maxima of energy dissipation as 

the effective time interval increases from zero. (See discussion in Section 

2 of Appendix I. } The experimental damping times are in agreement with 

this qualitative prediction from theory; for damping times from 6.3 to 9 mils 

are roughly the same and the minimum is broad compared with the maximum of 

shock energy. 

It appears highly probable that the nearly optimum wires reach temperatures 

of several thousand degrees Kelvin, perhaps even the critical point for 

copper under influence of magnetic pinch pressures, and that their high tempe~­

ature resistance values are close to those demanded for maximum power or 

energy disSipation. The data a.Pl>ear to favor values higher than the lower 

bound. 

~.4 Effect of Residual Circuit Resistance 

We develop here an argument to show that the displacement of the shock 

energy peak from the minimum of damping time is entirely caused by the 

residual resistance in the circuit. Conceding temporarily the truth of this 

proposition then if this resistance is made to vanish, one would expect the 

shock with greatest axial energy release and the most rapid dissipation of 

condenser energy to occur at the same wire diameter, a criterion which will 

clearly be of ~rtance where luminous effects (e.g. light sources} of 

minimum duration are desired. 

As may be seen from Appendix I the necessary and sufficient conditions 

that the i~ power in the circuit be stationary, i.e. dP = 0, are that 

oi/ot • 0 and oln i/OR • -l/2R. As before the resistance of the circuit 

is the sum R = R + R where R denote residual and exploding wire resistance c w c 
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respectively. Wire resistance R is directly Proportional to le~th 1 and 
- - w --- 2 -

inversely proporttonal to radius r squared; thus R -= kl/r • The power 
w ~. - . -~ 

expended per unit length of wire is given by p = R i-/1 • k (1/r)-. . w w 
Intuitively it is obvious that pw6t must be related to the specific shook 

energy E of the Lin theor1 because the e~r-gy expended in i~ heating 
1 w 

partially reappears to supply the energy of the fluid motions induced by 

the explosion. Here 6t represents a small time interval about the first 

current peak o 

By logarithmic differentiation we~·find d ln pw • 2 d ln ( i/r); but at 

the instant of power maximum, current is a fUnction of R alone and in particu­

lar d ln i = -( 1/2) d ln R o Combining these two results leads us to 

d ln pw • -d ln (Rr2
). A stationary point for pw , 0 can only exist when 

the right hand side of this equation vanishes. otherwise 1 a non= zero 

value will obtain and an increment~ change in wire diameter (resistance) 

can al~ be found which will increase p • w 
2 2 I I From the definitions, Rr. • Rcr + kl and we have finally, dpw' pw = 

-(2R
0

/R) (dr/r), from which it is obvious .that dpw)d:r~O and vanishes if 

R = 0. We seen then, as stated at the beginning of this section, that c 
non-vanishing residual circuit resistance implies a separation between the 

minimum of damping time and Emax for the shock wave; furthermore, decreasing 

the wire diameter from the value necessary to satisfy dP • 0 causes Pw to 

increase. 

Ass,1ming from the data of Table 1 that E occurs at 4 mils and mini= max 
mum damping time at 6.3 mils, with R ::: 1/4 n and R la 1 n, we find c w 
dpJpv = 2 x (1/5). x (2.3/6.3) which works out to a 15~ increase in P .. 

" " ' w 
upon decreasing the wire diameter from 6.3 to 4 mils. Inspection of Fig. 3 

shows a corresponding increase in the shock wave energy of about 1~; which 

in view of the uncertainties in the values used, ~ be considered as 

remarkable agreement. 

It seems clear then that the 6.3 mil wire corresponds closely to a 

damping si tuatimn·1in which maximum energy is dissipated during an interval 

about the current peak. The fact that the neighboring wires that show 

efficient short damping times have lower cold resistances and presumably 
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lower high-temperature resistances suggests tbat the maximum integrated 

power dissipation of the upper bound ~ apply rat~ tban the maximum power 

at peak current. Nevertheless the foregoing anal.ysia based on the latter 

118tching criterion brings out excellent agreement between the predicted 

specific power increase in the wire and the observed energy increase in the 

shock wave. 

Beca\lse this agreeent is found between quanti ties obtained by the two 

very- different approaches taken through 1) the electrical theory of the 

R-L-C circuit and 2) fluid .JieCbanical theory of the cylindrical blast wave 1 

our confidence is strengthened in the use of the second approach to derive 

ener&r values for the experimental shock waves. 

4.5 Contact Surface 

We revert now to the question concerning the connection between an 

apparent energy w1 thin the contact surface and lack of similar! ty in the flow. 

Tbe sill.ilari ty theory assumes that the cylindrical shock wave is a 

constant ~rgy surface of' the flow. -;Examination of. the energy intesr&l 

[Lin's Eq. (23}] shows tbat for arbitrary· radius r interior to the sbock1 

the ~8'1 contained within r is a function onlq' ot 1) • r/B. Thus parabolae 

given by~ • const. ~ 1 are curves of constant enersr in the r-t plane. 

On tbe other hand1 particle paths in the r-t plane define curves of 

constant .ass, since by definition these paths m&f not intersect. Because 

each p~~iole experiences a radial deceleration atter passage of tbe shock; 

eacb inner particle must be doing work on the next outer particle of fluid. 

Therefore energ is flowing outward faster than the particles on any g1 ven 

cylinder of radius r, a.nd particle paths cut constant energy parabolae in 

the r-t plane in tbe direction of' decreasing 11 values as time increases. 

Now the contact surface experimentally determined from streak ~amera 

pictures u.y reasonably be assumed to approximate the outer 1 limiting particle 

path ot the lillllinoai ty. If the flow is truly similar in the Taylor-Lin 

sense, then the contact surface should not coincide w1 th a constant energy 

surface g1 ven by T} • const. , but should show a trend of T} toward decreasing 

values. In contradiction to this conclusion the 6o 3 and 8 mil data of Fig. 3 
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app~ar to lie well on curves~= const •• (The data for the smaller wires 

show a decreasing trend of~ with time.) Thus we may certainly say that 

the flows generated by the larger wires fail to exhibit similarityo 

On the other hand, these flows have contact surfaces which plot 

like one of the constant energy surfaces of the ideal, similar flow 

corresponding to the experimental shock wave. Thus by comparison between 

the experimental flow and the ideal, similar flow of equal shock energy, 

the contact surface may be a~si~ed an energy value which is the same as 

the energy inside the ~ • const, surface of the ideal flow on which the 

experimental contact surface points fall. w1ll.le this energy may not represent 

accurately the total energy residing within the experimental contact surface, 

it is nevertheless a well defined quantity derivable from the contact 

' surface tr~ectory, and maJ be valuable for comp~ison of one contact surface 
\ 

with another. We adopt the foregoing definition of energy within the contact 

surface for all subsequent discussion. 

To examine the contact s~face data for the 3, 4 and 5 mil wires more 

closely; we need detailed information about the particle trajectories of 

the similarity flows. To this end recall that for the similar solutions 

fbWtdu· by Lin4, the velocity of a particle at radius r is given by u • ¢(~) U, 

where U • dR/dt ~ R gives the velocity of the shock and ¢(~) is a numerically 

determined function. 

The particle paths may be detained by integrating the Lagrangian . 
equation of motion r = u = ~· With the help of r = ~ + ~ we find the 

first order- diffe~ential equation dlj s (~ - 1!) d ln R. From Lin's Table I 

we (.find that (¢ - ~) is always negative. As a result we have dT)/dt • 

U(d~/dR)~O and the decreasing trend of ~ already noted is verified again. 
. _, . . 

The fractional change in T) is found from d~/~ = ~-·(¢ - T)) (dR/R) 
from which it follows with the help of Lin's tabulated values that 

ldT)/~~~ .275 (dR/R). The fractional bhange in~ divided by that of R 
varies from 0.167 at ~ = 1 to 0.275 at ~ = 0.6 and appears to remain 

constant at this value as T)-) 0. Thus we see that ~ for a particle traJectory 

is a slowly varying function of R and is to this exten~ crudely approximated 

by setting r, = eonst., as was suggested in I. 
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The particle paths can be obtained by a numerical integration of the 

equation J~ (~ - ~)-ldx • ln (R/R1 ) • (l/2)ln [<t - t
0
)/(t1 - t

0
LJ , 

where R1 and t 1 are the shoe~ radius and time respectively at which the 

shock passes over the particle 1n question, and t
0 

is the virtual time of 

origin o~ the shock as bef'ore. Values of' the integral ,;J... 1n (R/R1 ) have 

been obtained by S~son's rule tram tbe numerical results in Lin's paper4 

and are presented in Table 2. Using these values and the experimental 

values tor t 1 and t 
0

, we have calculated theoretical and ~rillental values 

tor tbe particle traJectory defined by the constant surface data tor the 

3,4 and 5 llil wires. These data are presented in the form qt ratios ·.1 

1'} ( exp. ) / Tl (calc • ) versus tt.e in ~able 3. Of' the three wires the 4 mil comes 

nearest to s1milarit7 being only 2$ low beyond 1 '-" sec. The 5 mil wire is 

close to sim1lari ty in the latter part of the range while the 3 mil wire 

is never closer than &lp and as tar as 16~ below tbe calculated values. 

The experillental traJectories nearly always lie inside those calculated 

from theory. Note that tbe nearest approach to a similar f'low occurs tor 

the wire w1 th the aost ~setic shock wave, viz., the 4 mil wire. 

Turning now froa discussion of the lack of' similar! ty in the f'lows, 

we conclude by exwd n1 ng briefly tl:ie q-uestion at the :rela.t1 -v-e &iiOunt of 

energy w1 thin the contact surf' ace. The definition s1 ven above J which 

relates the experillental contact surface to an T} • const. curve ot the ideal, 

simile.ri ty flow of equal shock energy, provides a. d.ef'ini te nl.wlber for the 

contact surface but no assurance that this number represents the real 

ener&r w1 thin that surface. 

The fa.c t that the highest value occurs for the 6. 3 mil wire whose 

streak picture, Fis. 2, shows what appears to be the llOSt energetic phenomena 

w1 thin the contact surface 1 encourages the hypothesis that ·there is a 

proportionall ty 1 i:f' not an identity, between the &QtUe.l energy w1 thin the 

contact surface and the graphically determined value obtained from the 

energy plot. 

Since the ftla.vi •a of shock wave and contact surface Y values do not 

occur at the same wire diameter we are forced to suppose that the apparent 

energy within the contact surface is regulated not only by phenomena 

responsible for the shock wave 1 but also by othP-r fe:ctors at present i m-

perfectly known, which have to do with the electricaJ. and mechanical phenomena 

of the wire explosion. 
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The eA~erimental data of Figs. 1, 2 and 3 seem to support these hypotheses; 

for the most quickly damped condenser discharge is associated with the 

contact surface of highest indicated energy and with the most energetic 

appearing second shock wave. The most energetic shock wave, on the other 

hand, is associated with a contact surface definitely below the contact 

surface maximum on the energy plot. This suggests that while the maximum 

diameter 

distribution of electrical energy between internal and wire resistance, 

the condition of minimum damping time occurs at the same wire size as flow 

phenomena of maximum kinetic energy within the contact surface. That is to 

say, maximum dissipation of electrical power is accomplished partly through 

the simultaneous appearance of fluid dynamic effects different from those 

responsible for the generation of the shock wave. Not mu.ch more 

at this pointJ for clearly, further experimental and theoretical information 

is needed. 
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Table 2 

'l 

1.000 

·995 
·990 
~~-

·~0.? 

.980 

·97 
.96 
·95 

t ~~ sec~ 
1.0 

1.5 
2.0 

2.5 
3.0 

3·5 

TABLE 2 

Nlnnberical values of the integral~• r'l (~ - x)-ldx versus 
J the parameter T} = r/R. 

1 

~ '1 ~ 'l J.. 'l 
J_ 

0 .94 .332 .82 -924 ·55 2.420 
.029 -93 .384 .80 1.021 ·50 2.766 
.059 ·92 .4,5 ·78 1.119 .40 3-569 

... oo ,..., .485 "7t:.. , ;o:,,Q ':V\ }, /:..0'7 .voo ·~.L • (U ••'-•V . """"" "T•V"-J 

.ll6 ·90 ·535 ·74 1.319 .20 6.097 

.172 .88 .633 -70 1-539 .10 8.673 

.226 .86 ·731 .65 1.811 

.280 .84 .827 .60 2.103 

TABLE 3 

C~ison ot calculated and experimental traJectories for 
~he conta~~ surfaces of the 3, 4 and 5 mil wires. 

~(exp) /~(calc.) 
.003" • 004" • 005" 

.88 -93 -93 

.89 -98 ·93 
1"'\1'\ ('\('\ nl, 

·~c. •// •7"1" 

.89 .98 ·97 

.86 ·98 .98 

.84 1.01 
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Fig. l. Rotating-mirror pictures and damping curves for sequence of copper 
wires under constant ambient conditions and condenser energy. The 
5 ~ sec scale in (g) applies to all flashes. Each horizontal division 
of the oscilloscope scale corresponds to 2 ~ sec. 
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Fig. 2. Rotating-mirror picture for exploded copper wire of 6.3 mil diameter to 
show details of the wedge luminosity representing the second shock wave. 
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APPENDIX I 

POWER DISSIPATION IN AN EXPLODING WIRE CIRCUIT 

1. MAXIMUM AT PEAK CURRENr 

Anderson and Smi th5 discuss the typical R-L-C circuit 

the heavy current pulse under which a thin metal wire explodes. They state 

without proof that a maximum in the power dis~~pated by the _circuit will 

occur when the dlecuit resistance R has a v&l~ nee.r (L/C)1/ 2
.. It may be 

inferred from their analysis that current i is to be maximized simultaneously 

with power altl:iaugh in the later step of obtaining the maximum squared 

current this assumption is ignored: 

An explicit solution to this same problem is g1 ven here for the ftl~~owing 

raa.aons: 1) a complete discussion ie not given by Anderson and Smith and cannot 

readily be found else1(here in the literature, 2) the equation given by 

Anderson and Smith for the maximum current squared is not precis,e for reasons 

pointed out belOWJ thus a~e doubt attaches to their earlier assertion about 

the best value of R, and 3) consider-ation of integrated power 

new "best values" of R which may· sometimes be preferred. 

De- .flo" • .p.ne· quan+-14-..fe-s- -· nlr'\T --.3 •.• - ,, ITrt o211.r2,1/2 J.lnlng "' "'- ..,_ U = l\f C:::l.l ti.UU W - \ .Lf ,u.., - .n I "'t.LI 1 

write for the current in the circuit 

. '··' .. \ ~ _, ..... 1 3 ~VfmLJ e s~ll ill~ 

The station~~J points of 1, or ln ! for convenience, are determined from 

d(ln 1)/dt = ru cos rut/sin rut - a = 0 {2) 

which gives 

cot rut = a/ru (3) 
. . ( I 

From ( 3) the sequence of times ,~tit may be determined to locate successive 

maxima and minima of current. L ..,~ 

Instantaneous power dissipated in the circ.ui t is i ~ and the condition 

o(i~)/dR c 0 implies that 

o(ln 1)/~~ = .. l/2R (4) 
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With (1) and the definitions, Eq. (4) leads to the relation 

( t cot rut - 1/ru) (?m/OR) - t(cn/OR) + l/2R = 0 

or, with the partials explicitly evaluated, to 

l/2a - (a/ru)(t cot rut - 1/ru) - t = 0 

(5) 

(6) 

Eqns. (3) and (6) determine the conditions necessary to ma,xim.ize power with 

respect to i and R simultaneously. r.o -- I -z \ "' - "'.a.--, -D -....;.---- ---- .a.- - ---"' -"' --,c,qu. \:.; J .LI:J .L lltn:::.L.L ut:ct:I:JtH:ir.Y \IU mtt.x.~Illl.Z.t: 

i alone. We consider only the first maximum, since the wire is gone shortly 

thereafter . · 

If (3) be solved for t and used in (6) with definition p = ru/a, there 

results the transcendental equation 

(7) 

Examination of (7) together with (3) shows that there is an. infinity of 

increasing, positive roots, beginning with zero, which corresponds to the 

series of successive stationary current values. A graphical solution giv.es 
- .! , 1:;.11:;. .p,..._ .'!... .... .P~- ................ _ ....... _,... _,...,.... 10\_,..._ ·'!...~ ... ~· .p,...,,_ ..... +'!... ...... J:ll - .I.. t ./.I.../ .L V.L IJ.L.I.i~;; .L .L..L g 1.1 ""\J,U,- ~i~;;.L \.1 .L \J\.11.1 o .L' .L V.&U IJ"~g .L. 1.1 .L \.1.1..1..\JW g IJ.U.Cio 1.1 

R = 2(1 + pi)-1/ 2 (L/C)1/ 2 ~ 1.10 (L/C)1/ 2 • If one defines 2(1 +.p2 )-1/ 2 by 

f(p) in the general case, then 0 ~ f L. 2 comprises all values for which 

oscillations may occur in the circuit. Values f = o, 2 correspond to the 

widamped and critically damped cases for which p coo, 0 respectively, ~~d 

f = 1.10 represents the resistance in which power is d.issipate.d most rapidly 

at the first current maximum. It is now clear that Anderson and Smith's 

at the first maximum current, f must be close to one; furthermore the explicit 

solution shows that f is actually lo% greater than one. For the successive 

current maxima f'(n) neC"!reases monotoniC"!allv to zero. 
-\.1:'1 --------- --------------., -- ----· 

The expression for current may be rewritten as 

-11\+. /n i = (VapL) e-~vt¥ sin rut (8) 

( ) -1 The stationary values occur when 3 is satisfied, i.e. when rut = tan p T. ~ 
m 

with m = 0, 1, 2 .•• and sin rut = (-l)m p (1 + p2)-1/ 2 • With these relations, 
m 

(8) becomes 
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fn\ 
\71 

which furnishes the first maximum when m = 0. From the definitions one finds 
2 2 2 _ ,_ _ 2 _ _ ,., 2,-1/2,T ,

0
,1;2 

that c.u = a p = 1/LC - a ane1 CXL z ~ .L + p J · \ ~~ · J ; thus ...., 
r -1 -1 1 
~ "" +.An n • 1ft1f' L Z:' ... _. r -.:..J (10) 

The square of this expression corresponds to that given by Anderson and Smith 

excapt that their exponential term is incorrect and an incorrect factor of 

4/3 enters because of their failure to evaluate at t • m 
obtained when m = 0 1 f = 1.10 a.nd p • p

1
. Thus 

P = 1.10 ~ (CiL)1/ 2 e-l~}O 
m~ 

I,, \ 
\.L.LJ 

For a t3~ic&l case, L = 1/3 ~h., C = 0.3 ~f., V = 28 k v and as before 

1 515 With . - - I- J- '1/2 "' ,..~ 'L .1 , C::: 'Z 1 ~ p1 = • • 
0 

these va~ues tL/~J • • .Leu~ oams, 4m • .L/•~ A a an~ 

P • 2.24 x 10° wattso If approximately this power is consumed during 

l~!'t sec. 1 around the peak, then 22 .joules are used during the interval. 

With the exploding wire replaced by a copper strip, the circuit has a 

logarithmic decrement given app_roximately by 8 = 1n2 = 21t/p from which 

computation gives R ~ 0.23 ohms. For maximum p~"~r at current peak, 
, /t;) 

R = 1.10 (L/c)•'~ = l.lQ. Thus for optimum conversion of the condenser 

energy in the explosion, the wire should furnish about 0.9 ohms. 



2 = INTEG!tATED POWER 

Since available evidence indicates that the circuit containing an 

exploding wire of nearly optimum size is broken sometime during the latter 

part of the first half cycle, it is of interest to inquire whether power 

consumed during that interval can be maximized by selection of an appropriate 

circuit resistance. To this end the energy taken from the condenser at time 
m .J­
·J.· ~6 

(12) 

• ..J This equation can be integrated in compact form by letting f/2 = g = 
. -, /t;J 

s1n~ 

and oo = (LC)-.1 ~; thus 
0 

R = 2 sin ¢ (L/C)1i 2 

sin~ 

c.u = c.u
0 

cos ~ 

and p • c.u/a • cot ~ 

With these relations and 
I- -. \ 

I 

, 

(12a) 
(12b) 

(12c) 
(12d) 

~~~) integrates to ~ 

W • W
0 

[ 1 - sec2~ e-~Tt&J.¢ ~ + sin¢ sin(aoT - ¢8] 1 (13) 

where W
0 

(• cv2/2) represents the initial energy in the condenser. From 
... \..- ----., .J -- .J ... ./!t ..&.. ..L •• - ..L " ~ - .. ·- ~ ~~ 't • ..&.. , ..L, I a \l.m:: etu"~~er :requ~remenv on :I nove 11na.11 u .= s~n)U-:::;- .LJ vtl.Us vne nega~l. ve 

') 

term in (13) always remains negative. From the fact that the power i~ is 

positive definite it follows that W is a non-decreasing function of T. 

To examine W for stationary points with respect to T and R, employ 

Q = .~lp Uw 
0 

- W) /W 
0
] for convenience. W l th this definition the first 

T\ICI.,.,...-fa1c a,...A -:::..tJ/;::._rp...,- w OQ (;::._r./-:::..r'(l\ o.,.,~ -:::..tJ/').TJ- _ lJ (loT ,,.,,1/2 ,..,..,..tJ. -.Q ("'::l,.r\/":::J.tJ.\ 
J:'...,..,,.. • ....,..._..., ....,......., vn 1 v.o.-- O""' \V'C(,{V•/ Q.UU. U"f~l.-- "o \"'t'.I..JfVJ 01::\,;)LI 1:: \0~f0)1J)o 

Since eQ ~ O, the stationary points will be given by setting eQ aQiaT 

= sec ~ eQ (oQ/o¢) = o. From the fact that eQ~O as T+ooit is clear that 

as time increases the W su~face approaches the pla~e W = 
of R. This is the absolute maximum of the function. 

W for Al'lV VA111.::. ...... 0 - .. ., ..................... '"" 

Performing the partial differentiation leads to two equations 
• ..I I ,.... - ~\ -

s~n ~ ~cos c m~ - L) = o (14) 
and 

sec ¢ f sin 2(CllT-~) + 2tan~ -[i + sin ~ ~111' (~T-¢8 
I"'L.m r, . ..&.. ___ ,J, ..... - ,... m,l ,.. 

- ~=:oy.L· LJ.. T ~a.Il}O 6 ~n C(.l)"J.j r = u 

A number of cases arise from these. 
_, 
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In the first place (14) indicates that stationary points in time occur 

\then roT • rut, that is at points where the current is zero. It follows that 

the curves of W vs T have horizontal tangents at these points, b~inning 

with T • 0 for n = O, and rise smoothly in a series of steps to the maximum 

W • The size of the steps is not constant but diminishes montonically as 
0 

integer n increases. 

When sin~= 0 (R = 0) 1 Eq. (14) is satisfied and (15) leads to the 

Since W = 0 

origin is clearly a true minimum. 

"""" . ~ .. , 

, - ("\ ... - "' 

-- - - . - - J - - • . . J I -n • 0. Thus the equation ooT • ~0 cos ~ T = 0 must hold. With cos ~ ; o, 
the ¢ axis emerges as a minimum line of the surface. This is to be expected 

since no nnwer has been consumed at T = 0 for anv value of~ (resistance). -- &-··-- ---- --- --v ·--- -- r ,---------,. 

mL- -~L-- -L-~-- ---~--~-- --- ~ m _ ~ ~- ~- --~ ~- -'" ~ - -L---- ~L-·J:ne o11ner cnoJ.ce re.uuer .L.Uf:S cut:J 'P J. = v J.t:J 1.1u t:n::"' 'P • nt c .L o e. c.uuutn:: ".ue 

critical damping resistance. But this value fails to satisfy (15) because 

sec ¢-tooas ¢~ n/2. Investigation of the limit shows that the critical 

dau~ing curve is not a 

Our analysis shows that W has no true maxima or minima for interior 

the energy consumed by some finite time. On the other hand for some preferred 

value of T, the W curve may have a relative maximum as a function of ¢. 
~n inv~a+iaA+~ +hi~ nn~aihi1itv. We lOOk fOr SOlUtiOnS to (1~) nthP~ th~n -- --·----o--- ---- r---------~~ -- ,-,, -----
the one already found. 

Suppose, for example, we 
- -- . - J J~ • • -with m = o, l, 2... If in addl tlon rp <. nrc!. 1S requlred, then the values 

ofT so defined are finite and correspond, according to (1), to the points 

of tan_gency of the current curve with its exponentially decreasing envelopes~ 

These points occur later in time than the corresponding ---------~ ----~ -- ---currt:Ill, mt~.X.untl. ur 

minima, i.e o, later in time than the power maxima, and thus represent an 

integration to times well past the points of maximum power. The shortest 

of the exploding wire. It is worth noting that for ¢ = ni2, the angular 

frequency vanishes, i.e., ~ = 0 and all T values for which~ = canst. as 

rA .-.lr..., I? l"n..f nl"'i nP Yi t.h t.hP nni nt. At. i nf'i ni +.v-
r --"7 ••t- -------- ~- -·· -··- r---- -- ------- -o~ • 
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For the points of tangency, (15) vanishe~ if tan ~ = (2 m + 1)~/4. When 

m = 0 we find sin~~ .618 and R ~ 1.24(L/C)1
/
2. Since this value is about 

lo% larger than the value of R which gives maximum power consumption at 

peak current, we suspect a relative maximum of energy consumption, i.e., 

a maximum in the W vs R curve. Examination of (13) for values in the 
..... o-4 ,.-"-'h,.. .... 'h,..,..~ ,..~ d.. - + ......... -lr ~ /1, \ ..... h-4,""' ,.,, - ~ /o ... 1-.~ ..... +'h ... + +'h-4,.. -! ::::~. i.u.""'n~~u~ +.h~ 
.u,.;;.~oe,.u.uv.&. .u.vvu. v.&. 'fJ - UQA.L \ J~f "T 1 W.L .L.&..~~;;; W.&. - J~f c.. ca.u.vwca u.u.au. u.u..Lg -- - _.......... .., ......... 

case. Thus if integrated power, in other words ~ energy, released in 

the wire is the criterion of importance; then the optimum resistance R for 

the first point of tangency is slightly more than lo% larger than the value 

producing maximum power release at peak currento If the wire should last 

longer than the first half cycle, then even larger values of R would be 

appropriate corresponding to m ~ 1; and in the limit of indefinitely many 

Should other values of interval T be chosen, then it is likely that 

different optimum values for R would be folli~d, and it seems probable that 

these values will be larger or smaller than those just found depending on 

whether mT is taken larger or smaller than (2 m + l)'JC/2. 
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3. DISCUSSION 

Tbe conclusions which aerge tram the preceding analysis of the under­

d..allped R-L-C circuit are as follows: 

( 1) For maxiJinDl power dissipation at: Jthe first current peak a circuit 
resistance R • 1.10(L/C)1/ 2 should be used. This more precise value is 1rlp 

higher than that given by Anderson and Smith in 1926. 

(2) For maximUJI energy dissipation in the interval terminated by the 

first contact of the current curve and its exponential envelope, the re­

sistance should ba R = 1.24(L/C)1/ 2• As the interva-l increases, the opt~~ 
value ot resistance will increase toward the critical damping resistance. 

It has not been uur pUr~ose here to de~~nstrate the relevance of these 

criteria tor the experillental, exPloding wire phenomenon. The complexity 

ot this urocess &!ties exact analysis at present. This much may be said; - ' - -

' the wire resistance is certainly not constant during the explosion11 but 

must cbange rapidl.y and, in all probability, discontinuousiy with time. 

It aar be conJectured that it the process is rapid enough to be essentially 

adiabatic then the larger value of ( 2) rlll apply; while if the explosion 

depends mainly on heat generated near the first current peak then the smaller 

value of (1) is appropriate. In intermediate cases the inequality 1.10 

L T:I(T_/,.,_\•l/2 ~ 1 ?lt mAv h• a ... e.ti ... af'i_ed-. -..,,,...,,...,I - .... -"'T -,.,..., -- -
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:Ballistic Researc:h I.aborat4:>riE~s, APG 
:ENEJ~ PARTITION IN THE EXJPLODING· WIRE 1~10ME:NON 

:F. JD. Bennett 

BRL Report No. 1056 Octob~~r 1958 

DA lPro~) No. 5B03-·03-00l, ORD Pro•J TB3-0lo81 
UNCJl.ASSIFIED :Rep<>rt 

UIQ.AS.SIY.IED 

Streak cameram.d osci:Uograp•hic circuit damping data B.J~ present4~d 1'or 
copJ~r wires varying in dil!Uile1~er fran 3 to 8 mils. A maldmi.DD of spec:Lfic: shock 
·wav4~ energy in the 1.nduced flow is found at. a •wire di.ameter different frclll that 
of ~~ mlnimum in 1~he total da1D:J>inB: time <>f t.be •circui t.. 'Thia3 displ.acell!mt is 
sh01.m 1;o be caus~~d by the ]preEsence of ~~sidllB.l circui.t l'esia3tance. Tltle ~:~.rgumen·t 

is l:>asE~d on a crJL tic:al aualysls o,f optilllll.DD dam;ping conditions in the 4exploding 
·wir~~ cj~rcuit. A IDBJC:imum olE' SJ>par-ent en~~rgy· wi·thin tbe conu:~.et sm-f8C4~ a:ppears 
.at ~~bout the sSZIM~ wi.re dia;~netE~r a.s the .1111inimum of tot.al d.am;ping time. D1scussi4:>n 
of the implications of the Taylor·-Lin sjLmilllLri·ty tbec1ry incUcat.es tha1t l.~:ICk of 
sim:ll.arity of the fl.ow is probably conru~te·d v.ith the, displ.a:~.eement of the maxilm1Dil 
eneJrgiE~s associated with shod• va.ve and con.t.ac·t surfaiCe. 

AD 

Ballistic Res•earc:h l.aboratc:>riE~s, APG 
:ENEHGY PARTITION IN THE EXl?LODING WIRE PHENiOO::RON 

:F. :D. Bennett 

BRL Report No. 1056 Octob4~r 1958i 

DA lPro;) No. 5003··03-001, ORD Pro·J TB3-0lo81 
UNCll.AS~liFIED Rep<>rt 

S1;reak camera e.nd osc:lllc>gra;phic drcui t d.amplna; data a:u-e presen1ted for 
cop]per wires varyin@; in dia:we1~er fran 3 to 8 m:ils. A maldmi.DD of spec:Lfic: shock 
·wave energy in the i.nduced flow is founcl at a 1idre diameter different frclll that 
of a mlnimum in the touu ci.amJ>ing: time C>f the ~~1rcu1 t.. 'l'h11~ displacf!IDent is 
sh01.m 1~o be caused by the preEsence of ~~sid.ual circui.t l'esiBtance. The I!ILrguDetrt 
is basE~d on a crJL tic:al analys:l.s o·f optillrum d.amjping coiilditions in the 4~l.oding 
·wir•:! clrcui t. A max:i.mum oJE' a11parent enE~rgy wt·thin thLe c~ontl:~.et surfac4~ aJ!pe&rS 
at 1:1.bout the same wi.re diaznetE~r a.s the .11rl.nimum of tot.al d8111]~1ng t:I.Jne. D:l.scussi4:>n 
of the implications of the Taylor-Lin stm:ilvi·ty theory indJlcat.es tha1C lack of 
sim:llarity of the flow is probably connE~ct.ed v.ith the displ1:1.eement of the~ 

1max:lmUD1 energies a.ss.ociated w:l.th shock -.rave an1:l conta.ct suz1~ace. 

Ail 

BaJ.listi<~ Re:search Labora.t.ories, .AF'G 
E!mm:rr PJ\RTl:TIOlf IN TilE J!l:xl'.[jODilm lia::RI PBIDt{»mf(lilf 

F. D. Beunet;t 

BRL Repo1:-t J.Uo. 1.056 Octoiber 1958 
DA. Proj llo. 5:00~03-<X>l., ORD Proj TB3-0l.08 
l.mCLASSDI'IEII Re:port 

St~~ak camera and oscillograpbic c:lrl::ui t daiiiiPi:cg data are pJresEmted for 
coipper yjlres: var,ying :l.n diame~ f:r-ca 3 t4:> 8 lllil.s. A zaaximum of SPf!~cific 
shLock va1re e:nergy 1n the induced flow is Jr'Olmd a.t a vil~ diamet.eJr d:l.fferen·t 
fr·an tha1~ of' a :llli.n1Jiull1 ill. tbe total da11pilog tf.e, of tru~ circuit. This dis:pla<:e­
amt is uhowrn to be ca:LUBed by the Jll%'e&encte of re'sidual circuit r1~siestance. 
The argu~aent; is based on a c:ri tical e.nalyl!lis of opt1.Jnua dam;ping c::oncli tions 
iiJL tbe eJtplcding wire cireui·t. A •IBXimDI of 8pllare:ot •mergy wi tbin the co:ntac:t 
sUirf'ace n.ppe:ars at about the Sa.! lirire di1s.eter as the m1nimu111 oJE" tc>uu d.al111ping 
time. D:llsc1.nssion of 1;he illlp.llcaticlllS of 11;be T~·lor·-Lill sillllilari1Cy 1;heory 
illdicat.en tbat l..ack o1~ silllil.Ja.ri ty elf the :now is probal>l.y connec1ted vi th t:be 
di.spl.acellraent; of the ll2iiXillllD •energie~ asso::iated vi t:b sbock wave lmd contact 
suLrf'81Ce. 

Ail .Accession Bo. 

Bailisti<: Re:search Laborartories, .AE'G 
E!IERGY PJUl'l'l:TION IN TilE E:xp[,jOJlim liriRE PBliUDIBMJ~ 

F. D. Betmet;t 

BIU, RepOl:"t :ruo. 1056 Octo•ber 1.958 
DA, ProJ Jfo. 5:00~0~<X)l., <ED ProJ TB3-0106 
l.mCLASSDi'IEII Re:port 

s~~ak camera and oselllograplilic c~~ui t d.a..,i:cg data lll.re pJresEmt.ed ~·crr 
CO!ppel' yjlres: vaeying :l.n diaieter f'J:-ca 3 U:> 8 .U.s. A 1DaXi.Dn.ml of Spt!~ific 
sboclt va,r:e e:ner,gy in Ule induced ~l.ow is :tOUDd a1t a v1Jl"e diamet.e1r rl.H'f'eren·t 
fr'tlll tha1~ of' a :lli.n1mult ill. tbe total. daiiPilog ti.e~ of tbl~ circuit. This dis­
placemen1~ is; shown to be caused by the pr4esence of resJLdual c1rct11t resist.~~. 
The vgmraent; is based on a c:ri tical an~sis of opti.EIIa damping 4::onel1 tiona 
1Il1 the eJtplcding v1r"e cireui:t. A BIBXi.. of 8plli&l'e:nt •~nergy ·wf tllin the ca11ta«:t 
suLrf'ace uppe:lll.rs at about the sa.e lirire dias.et.er as the lllinimulll oJE" tc>uu d.alll!pillg 
time. D:llsc\liSsion of' the illp:licaticiilB of the TIQ·lor-Lill sillllilari t.y 1~beory 
1Il1dicat.en tllat .l..ack o1' si.m:11Ja.r1 ty elf the Jr'l.ov is probal>ly connec1ted vi th t:b.e 
di.spl.aceiiiiEmt. of the JUI.Xillll.B •energie:s asso::iated vi t:b sbock wave 1md contac·t 
SULrf'81Ce. 




